Previously, we histochemically demonstrated the expression of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and its receptors, death receptor-4 (DR4), death receptor-5 (DR5) and decoy receptor-1 (DcR1) in granulosa cells of porcine follicles. However, TRAIL can induce both cell death and cell proliferation. In the present study, reverse transcription polymerase chain reaction and in situ hybridization analyses revealed increased mRNA expression of TNF receptorassociated death domain protein (TRADD), which transmits the death signal from DR4 and/or DR5 to intracellular apoptosis-signal transduction components, in granulosa cells was demonstrated only in atretic follicles but not in healthy follicles. These findings indicate that TRADD is involved in induction of apoptosis in granulosa cells, and that the TRAIL-receptor system induces apoptosis in granulosa cells during atresia in porcine ovaries.
ecent findings have suggested that granulosa cell apoptosis is associated with follicle selection in pig ovaries [1] [2] [3] [4] , but the detailed regulatory mechanisms of this apoptosis are not yet understood. As apoptotic stimuli and intracellular signal transduction pathways involved in granulosa cell apoptosis remain to be determined, we have been studying which trigger molecules induce granulosa cell apoptosis, and how intercellular apoptotic signals are transmitted in the granulosa cells. Previously, we immunohistochemically examined the localization of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and its receptors in porcine ovaries to reveal the specific regulatory molecules that control granulosa cell apoptosis during follicular atresia [5] . A marked reduction in the expression of decoy receptor-1 (DcR1), which has high affinity for TRAIL, was demonstrated in granulosa cells of atretic follicles, but no marked differences were seen in expression of TRAIL, death receptor-4 (DR4) or death receptor-5 (DR5) in granulosa cells between healthy and atretic follicles. We presumed that TRAIL and its receptor system were involved in induction of apoptosis in granulosa cells during atresia, and that DcR1 played an inhibitory role in granulosa cell apoptosis. However, TRAIL can induce both cell death and cell proliferation [6] [7] [8] [9] [10] . The death signal pathway has been suggested to be as follows: (1) TRAIL binds to the extracellular domain of death receptor (DR4 and/or DR5), (2) the intracellular death domain (DD) of the receptor interacts with the DD of adaptor protein (TNF receptor-associated death domain protein: TRADD), (3) DD of TRADD binds with DD of another adaptor protein (Fas associated death domain protein: FADD), (4) FADD activates initiator caspase (procaspase-8), and thereby (5) the caspase cascade is activated for intracellular transduction of the apoptotic signal [6] [7] [8] . When the DD of receptor interacting protein (RIP) binds to DD of the receptor, NK-kB is activated, and consequently expression of survival genes is up-regulated [9, 10] . Thus, TRADD and RIP are key proteins for the determination of cell death and cell proliferation, and TRADD expression is a good indicator of TRAIL-dependent apoptosis. In the present study, to determine the physiological roles of TRAIL and its receptors on granulosa cell apoptosis, a key phenomenon in follicle selection in porcine ovarian follicles, we examined the changes in expression and localization of TRADD mRNA, a key factor of intracellular signal transduction of TRAIL-dependent apoptosis, by reverse transcription (RT)-polymerase chain reaction (PCR) analysis and in situ hybridization (ISH) technique, respectively, in granulosa cells during follicular atresia.
Materials and Methods

RT-PCR analysis for TRADD mRNA
For RT-PCR analysis, mRNA was prepared from granulosa cells isolated from follicles as described previously [11] [12] [13] . Briefly, individual preovulatory antral follicles, 3-5 mm in diameter, were dissected in Medium 199 (Gibco BRL, Grand Island, NY, USA) with 25 mM Hepes (pH 7.2; Gibco) and 0.1% polyvinylalcohol (Wako Pure Chemical, Osaka, Japan) from ovaries obtained from mature sows at a slaughterhouse. Under a surgical dissecting microscope (SZ40, Olympus, Tokyo, Japan), follicles were classified as morphologically healthy or atretic, and further subdivided into early and progressed atretic follicles [14] . The follicles were punctured over 1.5-ml microcentrifugation tubes to collect follicular fluid. Fluid from each follicle was separated by centrifugation at 3,000 g for 10 min at 4 C, and then estradiol-17β and progesterone levels were quantified using [
125 I]-RIA kits (Bio-Mèrieux, Marcy-l'Etolle, France). When the progesterone/estradiol-17β ratio was less than 15, the follicle was classified as healthy according to our previous findings [15] [16] [17] . Granulosa cell layers were removed from the follicles in phosphate buffered saline (PBS, pH 7.2; Wako), and washed by centrifugation at 600 g for 5 min at room temperature (RT; 22-25 C). mRNA was extracted from the granulosa cell samples using a Quick-Prep micro mRNA purification kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA), and then mRNA was reverse-transcribed with a random primer (Takara, Kyoto, Japan) using You-Primed first-strand beads (Amersham Pharmacia) to synthesize first strand cDNA according to the manufacturer's protocol. After RT incubation, cDNA was mixed with the PCR reaction mix containing 1 × PCR buffer, 0.1 mM dNTP mixture, 1.5 mM MgCl2, 0.5 µM each primer pair and 0.025 units/µl platinum Taq DNA polymerase (Gibco). Primer pairs specific for partial cDNA sequences of the TRADD (GenBank #L41690) were used: forward, 5'-CCAGG AGGTG AGATG GCAGC TG-3' and reverse, 5'-GCCTG CAGAG CCCTG TACAC TG-3'; expected PCR p r o d u c t s i z e , 1 5 2 b p . G l y c e r a l d e h y d e dehydrogenase (GAPDH; GenBank #AF017079) was amplified as an intrinsic control using the following primers: forward, 5'-GATGG TGAAG GTCGG AGTG-3' and reverse, 5'-CGAAG TTGTC ATGGA TGACC-3'; expected PCR product size, 500 bp. The mixture was subjected to PCR in a thermal cycler (GeneAmp PCR Systems 2400; PE Applied Biosystems, Foster City, CA, USA). Hot start-PCR conditions for TRADD were 2 cycles of 96 C for 1 min followed by 63 C for 4 min, 28 cycles of 94 C for 1 min-63 C for 2.5 min followed by 72 C for 1 min, and then 1 cycle of 72 C for 10 min. Those for GAPDH were 2 cycles of 96 C for 1 min followed by 63 C for 4 min, 24 cycles of 94 C for 1 min-63 C for 2.5 min followed by 72 C for 1 min, and then 1 cycle of 72 C for 10 min. PCR products were electrophoresed in 2% agarose gels and stained with ethidium bromide (Wako). A readyload 100 bp DNA ladder (Gibco) was used as a molecular weight marker for electrophoresis. After electrophoresis, the gels were recorded with a digital recorder (FAS III system; Toyobo, Tokyo, Japan), and the mRNA expression levels were semiquantifie d using NIH Image software (National Institute of Health, Bethesda, MA, USA) on a Macintosh computer. To confirm the expression of TRADD mRNA, the DNA sequence of the PCR product for TRADD was determined using an automatic DNA sequencer (ABI prism 310 genetic analyzer PE Applied Biosystems) according to the manufacturer's manual.
In situ hybridization (ISH)
As described above, antral follicles, 3-5 mm in diameter, dissected from ovaries were classified as morphologically healthy or atretic. A part of the follicular fluid of each follicle was collected by a 1-ml syringe. After centrifugation, estradiol-17β and progesterone levels were measured by [
125 I]-RIA. When the progesterone/estradiol-17β ratio was less than 15, the follicle was classified as healthy. Then, each follicle was put on filter paper, mounted in OTC compound (Miles Lab., Elkhart, IN, USA), and rapidly frozen in dry ice-isopentane (Wako) mixture. Serial sections 5 µm thick were cut on a cryostat (Jung CM1500; Leica, Heidelberger, Germany), mounted on glass slides precoated with 3-aminopropyltriethoxysilane (Sigma Aldrich Chemicals, St. Louis, MO, USA), and rapidly fixed with 4% paraformaldehyde fixative buffered with sodium phosphate (4%PFA; pH 7.2) for 10 min at 4 C. Then they were washed with PBS containing 0.05% Tween 20 (PBS-Tw; Sigma), treated with ethanol for 5 min, washed, and digested with 0.2 N HCl for 10 min. After washing, they were digested with 1 µg/ml proteinase-K (Sigma) in PBS at 37 C for 10 min, post-fixed with 4%PFA, rinsed in 2 mg/ ml glycine in PBS, and then washed with PBS. The sections were prehybridized with 50% deionized formamide containing 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 600 mM NaCl, 1 × Denhardt's solution, 10 mg/ml yeast tRNA, 10 mg/ml salmon testes DNA, and 5% dextran sulfate (hybridization buffer; Sigma) for 2 h at 25 C, and then hybridized with 1 µg/ml digoxigenin (DIG)-labeled DNA probe for T R A D D m R N A , w h i c h w a s d i l u t e d w i t h hybridization buffer, for 18 h at 37 C. The sequence of the cDNA probe for TRADD mRNA was CCAGGAGGTG AGATGGCAGC TGGGCCAAAT GGGCTCGAGG AATGGGTGGG CAGCGCATAC CTGTTTGTGG AGTCCTCGCT GGACAAGGTG GTCTTGTCAG AGTCCTACGC TCACCAGCAG CACAAAGCAG CAGTGTACAG GGCTCTGCAG GC (152 bp). The probe was labeled with DIG us i n g a c o m me rc ia l k i t ( R o ch e M o l ecu l a r Biochemicals, Mannheim, Germany) according to the manufacturer's protocol. After hybridization, the sections were washed with 2 × standard saline citrate (SSC) for 2 h, 0.5 × SSC for 2 h, and 0.2 × SSC for 1 h at 37 C. They were equilibrated with 100 mM Tris-HCl (pH 7.5) containing 150 mM NaCl (THS) and blocked with commercial blocking solution (Roche) for 1 h at RT in a moist chamber.
After drainage, they were incubated with alkaline phosphatase (ALP)-conjugated sheep anti-DIG antibody (Roche) diluted 1/500 in the blocking solution for 18 h at 4 C. Then they were washed with THS, equilibrated with 100 mM Tris-HCl (pH 9.5), 150 mM NaCl and 100 mM MgCl2 (THSM), immersed in THSM containing 0.4 mM nitroblue tetrazolium chloride, 0.4 mM 5-bromo-4-chloro 3-indolyl-phosphate 4-toluidine salt and 1 mM levamisole (Sigma), which inhibits the remaining endogenous ALP activity, and kept at 4 C in a dark moist chamber for 3 h. The appropriate reaction was verified by microscopy. Finally, the slides were immersed in PBS to stop the reaction, mounted with Histofine (Nichirei, Tokyo, Japan) and examined with a microscope (BX50, Olympus). The specificity of the obtained ISH signal was verified by parallel incubation with antisense and sense probes. As negative controls, some sections were hybridized without any probe, and others were processed by omission of the anti-DIG antibody. Both controls yielded completely negative results. All solutions used for ISH were prepared using diethylpyrocarbonate (Sigma) treated water.
Statistical analysis
All experiments involving follicle isolation were repeated with separate groups (nine sows/group) for independent observation. ANOVA with F i s h e r' s l ea s t s i g n i f i c a n t d i f f e re n c e s t e s t comparison for biochemical data and Wilcoxon's signed-rank test for histological estimation were carried out using StatView IV on a Macintosh computer. Differences at P<0.05 were considered significant.
Results
Expression of TRADD mRNA
TRADD mRNA was semiquantitatively detected by RT-PCR, and changes in expression of TRADD mRNAs in granulosa cells during follicular atresia were examined. A high degree of homology was se en be twe e n por c in e and human T RA DD (GenBank #L41690 and 808915, respectively), and the PCR product detected in the present study was confirmed to be porcine TRADD by determination of the DNA sequence of the PCR product for TRADD. The sequence of the PCR product for the corresponding domain of TRADD was as follows: CCAGGAGGTG AGATGGCAGC TGGGCCAAAT GGGCTCGAGG AATGGGTGGG CAGCGCATAC CTGTTTGTGG AGTCCTCGCT GGACAAGGTG GTCTTGTCAG AGTCCTACGC TCACCAGCAG CACAAAGCAG CAGTGTACAG GGCTCTGCAG GC (152 bp). TRADD and GAPDH mRNAs were detected in granulosa cells of healthy, early atretic and progressed atretic follicles (Fig. 1A) . A high TRADD/GAPDH ratio (1.81 ± 0.36, n=9) was seen in granulosa cells at the stage of early atresia, and a moderate ratio (0.93 ± 0.21, n=9) was seen in granulosa cells of progressed atretic follicles as compared with those of healthy follicles (0.16 ± 0.07, n=9) (Fig. 1B) .
Localization of TRADD mRNA in ovarian follicle sections was histochemically visualized by ISH technique. No positive staining for TRADD mRNA was seen in granulosa cells of healthy follicles ( Fig.  2A) , but intense expression of TRADD mRNA was observed in granulosa cells of progressed atretic follicles (Fig. 2B) , the same as in those of early atretic follicles (data not shown). Positive staining for TRADD mRNA was demonstrated throughout theca internal and external layers of both healthy and atretic follicles ( Fig. 2A and B, respectively) .
Discussion
Over the last decade, several cell death ligands (TNF-α, FasL, TRAIL etc.) and their receptors (TNFR1, Fas, DR4, DR5, DcR1, DcR2 etc.) have been found [18] [19] [20] [21] [22] [23] . Recent studies have increased our understanding of selective apoptotic cell death under both physiological and pathological conditions through the cell death ligand-receptor interaction. More than 99% of follicles selectively undergo atresia and disappear during follicular development in mammalian ovaries. Such atretic degeneration may be explained by selective apoptosis of granulosa cells [24] [25] [26] [27] [28] [29] [30] . Many researchers believe that the cell death ligandreceptor system plays critical roles in selective apoptosis of granulosa cells during follicular atresia.
P re vi o u s l y , w e i m m u n o h i s t o c h em i c a l l y demonstrated the expression of TRAIL and its receptors (DR4, DR5 and DcR1) in granulosa cells and theca internal and external layers of porcine follicles [5] . Remarkably intense TRAIL, DR5 and DcR1 immunoreactivities were seen in granulosa cells lining the antral cavity of healthy follicles. Interestingly, no positive staining for DcR1 was seen in granulosa cells of atretic follicles. Our previous studies showed that apoptosis primarily occurred in granulosa cells located on the inner surface of the follicular wall in the follicles at the early stage of atresia [16, 17, 31] . Because TRAIL can induce both apoptosis and cell proliferation [6] [7] [8] [9] [10] and TRADD is a good indicator of TRAILdependent apoptosis, we examined the changes in expression and localization of TRADD mRNA in granulosa cells during follicular atresia. High levels of expression of TRADD mRNA were detected by RT-PCR in granulosa cells of early atretic follicles, and moderate expression was seen in those of progressed atretic follicles. However, only trace expression of TRADD mRNA was seen in granulose cells of healthy follicles. ISH examination indicated intense expression of TRADD mRNA in granulosa cells of atretic follicles, but no positive staining was seen in granulose cells of healthy follicles. Thus, the p r e s e n t a n d p r e v i o u s f i n d i n g s [ 5 -8 ] a r e summarized as follows: DcR1 disappears on the surface of granulosa cells, TRAIL binds to the extra ce llula r do main of DR5 a nd/ or DR4 , intracellular DD of the receptors interacts with the DD of TRADD, DD of TRADD binds with DD of FADD, FADD activates procaspase-8, and thereby the caspase cascade is activated for intracellular transduction of the apoptotic signal. Although the biological roles of the TRAILreceptor system are largely unknown, this system may dominantly contribute to the selective abolishment of unnecessary cells under physiological conditions [32] . The present findings strongly suggest that the TRAIL-receptor system plays critical roles in the induction of apoptosis in granulosa cells during atresia in porcine ovaries. Further studies are necessary to reveal which molecular system regulates the disappearance of DcR1 in granulosa cells at the earliest stage of atresia, and which intracellular signal transduction pathway dominantly causes granulosa cell apoptosis in the selection of follicles. 
